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Whether the latitudinal distribution of climate-sensitive lithologies is stable through 14 
greenhouse and icehouse regimes remains unclear. Previous studies suggest that the 15 
paleolatitudinal distribution of paleoclimate indicators, including coals, evaporites, reefs and 16 
carbonates, have remained broadly similar since the Permian period, leading to the 17 
conclusion that atmospheric and oceanic circulation control their distribution rather than the 18 
latitudinal temperature gradient. Here we revisit a global-scale compilation of lithologic 19 
indicators of climate, including coals, evaporites and glacial deposits, back to the Devonian 20 
period. We test the sensitivity of their latitudinal distributions to the uneven distribution of 21 
continental areas through time and to global tectonic models, correct the latitudinal 22 
distributions of lithologies for sampling- and continental area-bias, and use statistical 23 
methods to fit these distributions with probability density functions and estimate their high-24 
density latitudinal ranges with 50% and 95% confidence intervals. The results suggest that 25 
the paleolatitudinal distributions of lithologies have changed through deep geological time, 26 
notably a pronounced poleward shift in the distribution of coals at the beginning of the 27 
Permian. The distribution of evaporites indicate a clearly bimodal distribution over the past 28 
~400 Ma, except for Early Devonian, Early Carboniferous, the earliest Permian and Middle 29 
and Late Jurassic times. We discuss how the patterns indicated from these lithologies change 30 
through time in response to plate motion, orography, evolution, and greenhouse/icehouse 31 
conditions. This study highlights that plate reconstructions, combined with a comprehensive 32 
lithologic database, and novel data analysis approaches provide insights into the nature and 33 
causes of shifting climatic zones through deep time. 34 
 35 
Keywords: paleolatitudinal distribution, paleoclimate lithologic indicators, atmospheric CO2, 36 
paleogeography, plate tectonic reconstructions, statistical analysis 37 
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 2 
 42 
 43 
1. Introduction 44 
 45 
The paleolatitudinal distribution of climate-sensitive lithologic deposits is important to 46 
understand past climates (Gorden, 1975; Evans, 2006; Boucot et al. 2013), to reconstruct 47 
paleogeographies (Ronov et al. 1984, 1989; Scotese 2001, 2004; Golonka et al. 2006; 48 
Blakey, 2008), and to provide constraints for climate modelling (Boucot & Gray, 2001; 49 
Craggs et al. 2011) and plate motion histories (Scotese & Barrett, 1990; Witzke, 1990). 50 
However, the past distribution of climate-sensitive lithologies remains poorly understood, 51 
especially in deep geological times. Latitudinal distribution patterns of paleoclimate 52 
indicators have been considered broadly stable since the Permian, leading to an interpretation 53 
that atmospheric and oceanic circulation control their distribution rather than equator-to-pole 54 
temperature gradients (Ziegler et al. 2003). A global paleomagnetic compilation of Earth’s 55 
basin-scale evaporite records suggests that evaporite paleolatitudes have varied to some 56 
degree over the past 2 billion years, with a relatively large difference between Cenozoic–57 
Mesozoic times (a mean pale latitude of 23 ± 4°) and Devonian–Ediacaran times (a mean 58 
paleolatitude of 14 ± 2°) (Evans, 2006). In addition, previous studies rarely considered the 59 
effect of the uneven distribution of continental areas through time (Vilhena & Smith, 2013) 60 
and the implications of applying different global tectonic reconstruction models (Scotese & 61 
Barrett, 1990; Ziegler et al. 2003) on latitudinal distribution of climate indicators. 62 
 63 
In order to better understand the latitudinal distribution patterns of climate-sensitive 64 
lithologies and the associated climate change, we revisit a global-scale lithologic compilation 65 
of coals, evaporites and glacial deposits, with our analysis extending back to the Devonian 66 
period (~400 Ma ago). We test the sensitivity of their latitudinal distribution to uneven 67 
distribution of continental areas through time and to reconstruction models, and then quantify 68 
their distribution patterns with corrections of sampling- and continental area-bias, using 69 
Significant Zero crossings of the derivative (SiZer) of Chaudhuri & Marron (1999) to obtain 70 
the best fitting probability density functions and Highest Density Regions (HDR) of 71 
Hyndman (1996) to compute 50% and 95% confidence intervals. The shifting latitudinal 72 
distribution patterns reflect climate change associated with humid/arid, 73 
precipitation/evaporation or cold/warm climatic conditions. To understand the mechanism, 74 
we compare the trends of latitudinal distribution patterns of these paleoclimate deposits with 75 
the atmospheric CO2 evolution (Foster et al. 2017) and tropic mountain range areas derived 76 
from the paleogeographic maps (Golonka et al. 2006; Cao et al. 2017) over time, as increased 77 
silicate weathering rates associated with tropical mountain uplift leads to a decrease in 78 
atmospheric CO2 concentration and this may initiate glaciation (Tabor & Poulsen, 2008; 79 
Montañez & Poulsen, 2013; Goddéris et al. 2017; Swanson-Hysell & Macdonald, 2017). 80 
 81 
2. Data and global plate tectonic models 82 
 83 
We use a dataset of climate-sensitive lithologies, including coals, evaporites and glacial 84 
deposits (tillites, dropstones and glendonites), based on a comprehensive global-scale 85 
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 3 
compilation (Boucot et al. 2013). This compilation records and evaluates various types of 86 
climatically sensitive lithologic deposits, including coal, cyclothems, laterite, bauxite, 87 
lateritic manganese, oolitic ironstone, kaolinite, glendonite, tillites, dropstones, calcretes, 88 
evaporites, clay minerals, palms, mangroves, and crocodilians, based on a comprehensive 89 
literature review. It covers geological times from the Cambrian period to the Miocene epoch. 90 
Each data point includes a reference source and geographic location. In order to analyse the 91 
effect of global climate change on the latitudinal distribution patterns of climate-sensitive 92 
lithologies, we use recorded occurrences of coals, (mostly marine) evaporites, and glacial 93 
deposits (a combination of tillites, dropstones and glendonites) in this study, as distributions 94 
of other lithologies included in the database are less reliable latitude indicators. For instance, 95 
the record of palms, mangroves, and crocodilians suffers from sampling bias as they are 96 
mostly collected from middle-high latitudes, while sample sizes are small for laterites and 97 
oolitic ironstones. 98 
 99 
The dataset used in this study covers Devonian to Miocene times and is divided into 23 time 100 
intervals at the scale of geological stages (Table 1). The time range that we assign to each 101 
data point is entirely derived from the time ranges that Boucot et al. (2013) has used to draw 102 
the maps, and we use the middle ages of these time intervals to determine the reconstruction 103 
times (Table 1). We use modern peats (as they may eventually become coals), evaporites and 104 
glacial sediments (tillites and ‘glacio-marine’ beds) from Ziegler et al. (2003) for reference. 105 
Coals and peats are generally considered as indicators of terrestrial humidity, reflecting 106 
climatic regimes in which precipitation exceeds or is equal to evaporation (Parrish et al. 107 
1982; Hallam, 1985; McCabe & Parrish, 1992; Price et al. 1995). Evaporites are formed in 108 
climatic conditions where evaporation exceeds the combined effects of precipitation, marine 109 
or river influx, and runoff (Craggs et al. 2011), yet, they may occur in temperate regions 110 
(Boucot et al. 2013). Tillites, dropstones and glendonites in the dataset are glacial or glacial-111 
origin deposits indicating cold climate, generally due to high latitudes, but some could be 112 
related to high elevations (Boucot et al. 2013). 113 
 114 
[Insert Table 1] 115 
 116 
The climatically sensitive lithologic deposits are distributed unevenly over different time 117 
intervals (Figs. 1, 2). There are very few records of coals in the Devonian period (Figs. 1, 2), 118 
with coals largely occurring in the Late Devonian stratigraphies (Boucot et al. 2013). Yet a 119 
large number of coal records appear in Carboniferous, Permian, Late Triassic, Early Jurassic 120 
and Neogene times (Figs. 1, 2a). Evaporites have relatively uniform richness over most of the 121 
time intervals, except in Devonian, Late Carboniferous, Early Permian and Paleogene times 122 
(Figs. 1, 2b), whereas, glacial deposit records are relatively rare and sparse over time (Figs. 1, 123 
2c) due to the dominance of greenhouse conditions in the Phanerozoic (Hay, 2016). 124 
 125 
[Insert Figures 1, 2] 126 
 127 
In this study, we primarily use the global plate tectonic model of Matthews et al. (2016) to 128 
reconstruct the lithologic data points back in time from present-day geographic locations. 129 
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 4 
This tectonic model represents a combination of a tectonic model for Mesozoic and Cenozoic 130 
times (230-0 Ma) (Müller et al. 2016) and a tectonic model for Paleozoic times (410-250 Ma) 131 
(Domeier & Torsvik, 2014), with a number of changes required to enable a smooth merging 132 
of the models as described by Matthews et al. (2016). It is a relative plate motion model that 133 
is ultimately tied to Earth’s spin axis through an absolute reference frame (Matthews et al., 134 
2016). We removed the true polar wander correction from the original absolute plate motion 135 
model (Domeier & Torsvik, 2014) to tie the relative rotations to a paleomagnetic reference 136 
frame. Therefore, the tectonic reconstruction better reflects the true paleolatitudinal 137 
distribution of paleoclimate indicators (van Hinsbergen et al. 2015).  138 
 139 
In order to test the sensitivity of the paleolatitudinal distribution of climate-sensitive deposits 140 
to the choice of reconstruction model, except for the plate motion model of Matthews et al. 141 
(2016), we use two alternative reconstruction models of Scotese (2008) and Golonka (2007) 142 
which are both based on the reconstruction of Scotese (2004). The reconstruction model of 143 
Golonka (2007) uses paleomagnetic data to constrain the paleolatitudinal positions of 144 
continents and rotation of plates, and hot spots, where applicable, are used as reference points 145 
to calculate paleolongitudes. A version of this model that includes an updated absolute 146 
reference frame is described in Wright et al. (2013) and the model is available in the 147 
supplementary materials of Wright et al. (2013). The reconstruction model of Scotese (2008) 148 
uses paleomagnetic reference frames for 410-250 Ma (Ziegler et al. 1979) and 250-100 Ma 149 
(Ziegler et al. 1983), and a hotspot reference frame for 100-0 Ma (Müller et al. 1993). 150 
 151 
3. Methods 152 
 153 
We first reconstructed the lithologic data for coals, evaporites and glacial deposits from their 154 
modern locations to ancient locations in geological time (Fig. 1) using the global plate motion 155 
model of Matthews et al. (2016). Due to the inconsistence of age assignments between some 156 
lithologic data and “underlying” terrane polygons, leading to unexpected reconstructed 157 
locations of these lithologic data, we only considered the data points whose time ranges of 158 
existence were within the time span and present-day spatial extent of the underlying terrane. 159 
We next binned the data points using a 5°x5° mesh of the global surface, following Ziegler et 160 
al. (2003) (Fig. 3b). Each bin contained a variable number of data points or none, for 161 
example, a bin could contain 0-24 data point(s) for modern peats at present-day coordinates 162 
(Fig. 3b). The recorded data points were unevenly distributed spatially (Fig. 3a, b), largely 163 
due to sampling bias. To remove the bias, we resampled the data by collapsing all the 164 
samples into a single value for each bin: 1 where data existed (Fig. 3c, red bins), and 0 where 165 
there were no data points (Fig. 3c, blue bins). We subsequently summed up the numbers of 166 
resampled data in each 5° latitudinal strip (Fig. 4b). These steps significantly reduced the 167 
numbers of data points considered per latitudinal strip (compare the y-axis of Fig. 4a, b). 168 
 169 
[Insert Figures 3, 4] 170 
 171 
Plate tectonic motion (Golonka, 2007; Scotese, 2008; Matthews et al. 2016) leads to a biased 172 
distribution of lithologic deposits on Earth. Latitude bands containing more continental area 173 
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 5 
are more likely to have more lithologic deposits preserved. In an attempt to remove this bias, 174 
we first calculated the continental area covered by each 5° latitudinal strip at each time 175 
interval since the Devonian period (Fig. 4c), using the HEALPix pixelization method that 176 
results in equal sampling of data on a sphere (Górski et al. 2005) and therefore equal 177 
sampling of surface areas. We next corrected the number of resampled lithologic data in a 5° 178 
latitudinal strip using the continental area in the same strip to remove the bias due to the 179 
uneven distribution of continental areas through time. Subsequently, the results were scaled 180 
to represent probabilities of data appearing in a 5° latitudinal strip (Fig. 4d). In order to 181 
investigate the paleolatitudinal zonal patterns of these climate indicators, we combined the 182 
data corrected for continental area bias from both hemispheres to form symmetric and 183 
composite zonal patterns, and normalised the results in a strip into probabilities with respect 184 
to the sum of all the values in the same strip (Fig. 4e). The symmetric zonal patterns erased 185 
the differences between the two hemispheres and can be used as indicating the influence of 186 
climate change on the distribution of climate-sensitive lithologic deposits (Scotese & Barrett, 187 
1990; Ziegler et al. 2003). 188 
 189 
We used SiZer (SIgnificant ZERo crossing of the derivatives; by Chaudhuri & Marron, 190 
1999), a data analysis method to identify significant peaks from kernel density estimation to 191 
obtain probability density functions of zonal patterns (Fig. 4f, black lines). Instead of trying 192 
to find the one bandwidth that provides the closest match to the unknown true density, SiZer 193 
looks at the whole range of bandwidths. Peaks and troughs are identified by finding the 194 
regions of significant gradient (zero crossings of the derivative; Chaudhuri & Marron, 1999). 195 
In order to identify high density intervals of distribution of these paleoclimate indicators, we 196 
used the Highest Density Regions (HDR) method of Hyndman (1996) to compute the high-197 
density latitude ranges with 50% (Fig. 4f, grey area) and 95% (Fig. 4f, light grey area) 198 
confidence intervals. HDR is a statistical method for calculating confidence intervals when 199 
the sampling distribution has multiple peaks. For discrete-valued distribution, HDR simply 200 
consists of those elements of the sample space with highest probability (Hyndman, 1996). 201 
 202 
4. Results 203 
4.a. Paleolatitudinal distribution of coals, evaporites and glacial deposits 204 
 205 
We counted the original data points for coals (Fig. 5a), evaporites (Fig. 6a) and glacial 206 
deposits (Fig. 7a) reconstructed using the plate tectonic model of Matthews et al. (2016) in 207 
each 5° latitudinal strip at each time interval since the Devonian period. Coals are distributed 208 
in a wide latitude range from the equator to the poles (Fig. 5a), while evaporites are 209 
concentrated between 60°N and 60°S (Fig. 6a). Glacial deposits generally occur middle-high 210 
latitudes except for a record of glendonites appearing near the equator in the Early 211 
Carboniferous (Tournaisian-Visean) from an outer shelf environment with near zero-degree 212 
seawater (Brandley & Krause, 1993a, b; 1994), a record of tillites in the Late Carboniferous 213 
(Kasimovian-Gzhelian) and a record of tillites in the Early Permian both from high elevation 214 
periglacial environment (Becq-Giraudon et al. 1996) (Fig. 7a). Therefore, these three records 215 
(highlighted with question marks in Figure 7) may not be reliable enough to indicate cold 216 
climate relevant to latitudinal change. 217 
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 6 
 218 
[Insert Figures 5-7] 219 
 220 
Generally, more data points of coals (Fig. 5a), evaporites (Fig. 6a) and glacial deposits (Fig. 221 
7a) are sampled from the northern than the southern hemisphere since Pangea breakup in the 222 
Early Jurassic (Ronov, et al. 1984, 1989; Scotese, 2001, 2004; Golonka et al. 2006; Blakey, 223 
2008). During Early Devonian-Late Triassic time, the numbers of data points of these 224 
lithologies in the southern hemisphere exceed those in the northern hemisphere in general, 225 
with glacial deposits only occurring in the southern hemisphere in Early Devonian and 226 
Carboniferous times (Fig. 7a). This mainly reflects that plate tectonic motions modify the 227 
continental configuration through time, which has led to more continental areas in the 228 
northern hemisphere since the Early Jurassic (Figs. 5c, 8). Continental areas in the northern 229 
hemisphere have consistently increased since the Devonian period, while the areas in the 230 
southern hemisphere have decreased accordingly (Figs. 5c, 8). 231 
 232 
[Insert Figure 8] 233 
 234 
After removing the sampling- (Figs. 5b, 6b, 7b) and continental area-biases (Figs. 5d, 6d, 7d) 235 
over the data in each 5° strip at each time interval, the differences among strips at a time 236 
interval are evened out to some degree (for example, compare the y-axis of Figure 5a, b, d). 237 
The zonal patterns for coals (Fig. 5e), evaporites (Fig. 6e) and glacial deposits (Fig. 7e) 238 
considerably vary over time. 239 
 240 
We compute the high-density latitudinal ranges with 50% and 95% confidence intervals for 241 
coals (Fig. 5f), evaporites (Fig. 6f) and glacial deposits (Fig. 7f), respectively, at each time 242 
interval. Considering the extent of these 95% confidence ranges, coals are relatively widely 243 
distributed on Earth’s surface over the time period of interest, extending from the equator to 244 
the poles for many time periods (Fig. 5f, light grey area). Evaporites (96% confidence) are 245 
generally concentrated within low-middle latitudes (0-60°) in two hemispheres, with a mean 246 
paleolatitude of 26 ± 3° in each hemisphere since the Devonian (Fig. 6f, light grey area). This 247 
result is consistent with the mean paleolatitudes of 23 ± 4° during Cenozoic–Mesozoic time 248 
and 21 ± 4° during Permian-Carboniferous time (both with 95% confidence), recalculated 249 
from paleolatitudes of a global compilation of large evaporite basins extending back through 250 
Proterozoic time (Evans, 2006). Glacial deposits (95% confidence) occur in Late Devonian, 251 
Carboniferous, Permian, Jurassic, Early Cretaceous, and Late Paleogene-modern times (Fig. 252 
7f, light grey area). This is generally consistent with three main Phanerozoic ice ages during 253 
Carboniferous-Permian, Late Jurassic-early Cretaceous and Early Eocene-modern times 254 
(Frakes et al. 1992). 255 
 256 
Focussing on 50% confidence intervals, coal latitudinal belts show strong fluctuation over 257 
time (Fig. 5f, dark grey area). They move from the middle latitudes towards the equator 258 
during the Devonian, but the original coal deposits in the Devonian are too few to provide 259 
much climatological insight (Boucot et al. 2013). During the Carboniferous, they are strictly 260 
limited within 0-25°N and S, however, they separate into two latitudinal belts of 0-10° and 261 
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 7 
40-60° during the earliest Permian (Asselian-Sakmarian) (Fig. 5f). Subsequently, they 262 
undergo a poleward shift until reaching higher latitudes (60-90°) during the Late Jurassic, 263 
with a sharp equatorward movement in the Early Triassic and a rapid poleward shift in the 264 
Middle Triassic but these may be not reliable as they are based on very few data points (Figs. 265 
1, 2a). Starting from the Early Cretaceous, the distributions of coals contract towards the 266 
equator until the Miocene when there are two latitudinal belts at ~30-50° and ~0-15° on two 267 
hemispheres, with a rapid shift towards the equator during the Early Eocene. Modern peats 268 
are mainly distributed within ~40-65° latitudes. Overall, the latitudinal belts determined for 269 
coals from probability density curves with 50% confidence generally occur at low latitudes 270 
during Paleozoic time, middle latitudes during Permian, Triassic and Cenozoic times, and 271 
high latitudes during Jurassic and Cretaceous times. 272 
 273 
Evaporite latitudinal belts with 50% confidence (Fig. 6f, grey area) mostly occur at low 274 
latitudes (~0-30° N and S). They move poleward from the Early Devonian until the Early 275 
Carboniferous and then towards the equator until the Late Triassic. Starting from the Middle 276 
Triassic, they start to shift poleward until modern times at a mean latitude of ~35° N and S, 277 
with a short and rapid poleward movement during early Eocene (Lutetian). 278 
 279 
The trends in how the highest density latitudes of glacial deposits with 50% confidence (Fig. 280 
7f, grey area) shift northwards or southwards are similar to coals, but at higher latitude. They 281 
generally concentrate within middle-high latitudes through time (Fig. 7, grey area). They 282 
occur at ~50-70°N and S latitudes during the Late Devonian and then move equatorward to 283 
middle latitudes (~40-60°) during most of the Carboniferous, with a rapid poleward 284 
movement in the Late Mississippian. The Late Pennsylvanian-Early Permian transition is 285 
marked by a rapid shift of glacial deposits towards high latitudes. They remain at high 286 
latitudes during Jurassic and Cretaceous times, and then move to middle-high latitudes (~50-287 
75°) during Paleogene and Miocene times. Modern glacial deposits mainly lie near the poles. 288 
 289 
4.b. Sensitivity tests 290 
 291 
4.b.1. Assumption of climate symmetry (zonal patterns) 292 
 293 
In order to test the assumption that past climates were zonal and hemispherically symmetric, 294 
we investigated the latitudinal distributions of lithologies for each hemisphere independently 295 
through time, and estimated their high-density latitudinal belts using the same statistical 296 
methods (Supplementary Figs S1 and S2). At the first order, more lithologic data are 297 
distributed on the northern hemisphere over the timeframe, except for late Paleozoic and 298 
Cenozoic times when more glacial deposits formed in the southern hemisphere. The 299 
distributions of coals and evaporites in the northern hemisphere (Supplementary Figs S1 and 300 
S2) are similar to the results with data combined over two hemispheres (Figs 12a-c). This is 301 
largely because of the uneven distribution of continental areas through time, leading to a 302 
biased distribution of lithologic deposits on the northern hemisphere. Overall, the data 303 
distribution warrants combining the two hemispheres in zonal patterns. 304 
 305 
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 8 
4.b.2. Continental area bias 306 
 307 
In order to examine sensitivity of the zonal patterns of these lithologic deposits to continental 308 
area bias, we compute the zonal patterns for coals (Fig. 9a), evaporites (Fig. 9b) and glacial 309 
deposits (Fig. 9c) for each time interval since the Devonian using the plate motion model of 310 
Matthews et al. (2016) with (Fig. 9, blue area) and without (Fig. 9, red) continental area 311 
correction, respectively. The distribution patterns of coals using the two approaches are 312 
significantly different in Middle Devonian, most of Carboniferous, Early and Middle 313 
Triassic, Jurassic, Cretaceous and Early Paleogene times. During these time periods except 314 
the Middle Devonian, the zonal patterns of coals without continental area correction are 315 
closer to the equator (Fig. 9, red). This mainly results from the uneven latitudinal distribution 316 
of continental areas, with very little to no continental coverage near the poles during these 317 
periods (Fig. 5c). Due to relatively small continental coverage near the equator (Fig. 5c), the 318 
zonal patterns of coals without area correction are closer to the poles during the Middle 319 
Devonian (Fig. 9, red). 320 
 321 
[Insert Figure 9] 322 
 323 
The uneven distribution of continental areas through time has relatively less impact on the 324 
zonal patterns of evaporites (Fig. 9b) and glacial deposits (Fig. 9c). Evaporite zonal patterns 325 
are generally identical over time, except during Late Mississippian, Late Pennsylvanian, the 326 
earliest Permian, Middle Triassic and late Cretaceous times (Fig. 9b). Due to different 327 
continental coverage at different latitudes (Fig. 5c), the area correction leads to more 328 
poleward distributions of evaporites during Late Mississippian, Late Pennsylvanian and 329 
earliest Permian times but more equatorward during Middle Triassic and late Cretaceous 330 
times. With and without area correction, glacial deposit zonal patterns are mostly identical 331 
over time, except for most of Permian, Late Paleogene and modern times when the area 332 
correction results in more poleward distributions and for Early and Late Mississippian and 333 
Late Pennsylvanian times, more equatorward distributions (Fig. 9c). Overall, latitudinal 334 
distributions of coals show stronger sensitivity to uneven distributions of continents than 335 
evaporites and glacial deposits, which could be mainly due to coals having a wider latitudinal 336 
distribution than evaporites and glacial deposits over time. 337 
 338 
4.b.3. Reconstruction model bias 339 
 340 
We use alternative reconstruction models of Scotese (2008) and Golonka (2007) with 341 
modifications as described in Wright et al. (2013), in addition to the model of Matthews et al. 342 
(2016), to analyze the sensitivity of latitudinal distributions of coals, evaporites and glacial 343 
deposits to reconstruction model. We use the same method described in the Methods section 344 
to obtain the probability density functions of the latitudinal distributions for these lithologies 345 
over time. The results indicate that the three reconstructions result in only second-order 346 
differences through time (Fig. 10). Differences in the distributions are most pronounced 347 
where reconstructed paleolatitudes differ for blocks that host a large proportion of data points 348 
for a given time interval. 349 
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 350 
[Insert Figure 10] 351 
 352 
The latitudinal distributions of coals reconstructed using the three tectonic models are 353 
generally similar over time, except during Early Devonian, Early Carboniferous, the earliest 354 
Permian, Middle and Late Paleogene and Neogene times. In the Early Devonian, the 355 
latitudinal distributions of coals using the reconstruction of Golonka (2007) are more 356 
northward than those using the other two reconstructions, largely because North America and 357 
Eurasia in the model of Golonka (2007) are located further northward than in the other two 358 
models during this period (see Supplementary material). The more poleward location of 359 
Africa during the Early Carboniferous in the reconstruction of Matthews et al. (2016) leads to 360 
a more poleward distribution of coals. During the earliest Permian, numerous coal deposits 361 
occur in North and South China blocks. Their more northward locations in the model of 362 
Matthews et al. (2016), taken from the work of Domeier & Torsvik (2014), result in more 363 
occurrences at middle-latitudes (see Supplementary material). The terranes in the 364 
reconstruction of Scotese (2008) are generally further north relative to the other two models 365 
during Middle and Late Pale gene and Neogene times (see Supplementary material). This 366 
results in more poleward distributions of overall paleoclimate lithologies (Fig. 10a). 367 
 368 
The latitudinal distributions of evaporites among the three reconstructions are very similar 369 
since the Devonian (Fig. 10b), except for Early Devonian and Carboniferous times. In the 370 
Early Devonian, evaporites are spread further from the equator using the reconstruction of 371 
Golonka (2007) than the other two reconstructions, which is mainly due to more northward 372 
locations of North America and Eurasia in the model of Golonka (2007). More southward 373 
locations of numerous plates in the reconstruction of Golonka (2007) (see Supplementary 374 
material) result in more equatorial distributions of evaporites during the Carboniferous (Fig. 375 
10b). 376 
 377 
The latitudinal distributions of glacial deposits are also similar through time among the three 378 
considered reconstructions (Fig. 9c), except for the Late Devonian, Early and Middle 379 
Mississippian and most of the Permian. During the Late Devonian, more glacial deposits are 380 
distributed at high latitudes using the reconstruction of Scotese (2008), mainly due to the 381 
more southerly location of South America in this reconstruction than that in the other two 382 
reconstructions (see Supplementary material). The more equatorial locations of South 383 
America and Northwest Africa in the model of Scotese (2008) leads to more equatorial 384 
distributions of glacial deposits during Early and Middle Mississippian times. During most of 385 
the Permian period, Antarctica and Australia are closer to the south pole in the reconstruction 386 
of Golonka (2007) (see Supplementary material), resulting in more poleward distribution of 387 
glacial deposits (Fig. 10c). 388 
 389 
4.b.4. Spatial sampling resolution bias 390 
 391 
[Insert Figure 11] 392 
 393 
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 10 
We compare the use of three different spatial resolutions to bin the original data points to 394 
remove the effect of sampling bias on the distribution patterns of these climatically lithologic 395 
deposits, using the plate motion model of Matthews et al. (2016), for each time interval since 396 
the Devonian period: 10° (Fig. 11a), 5° (Fig. 11b), and 2° (Fig. 11c). The results indicate that 397 
there are too few strips containing data points, especially during the Devonian, to be able to 398 
obtain much statistical significance using 10° as the binning size (Fig. 11a). Using 2° as the 399 
binning size results in noisier distributions (Fig. 11c) and a more difficult analysis of 400 
distribution patterns. A spatial resolution of 5° is a good compromise that captures the data 401 
distribution yet results in less noise, and follows previous work that aids comparison with our 402 
work (Fig. 11b). 403 
 404 
5. Discussion 405 
5.a. Paleolatitudinal distribution patterns of lithologic climate indicators over time 406 
 407 
We present the high-density latitudinal ranges in one hemisphere, due to the assumed 408 
symmetry of two hemispheres, with 50% and 95% confidence intervals for coals (Fig. 12a), 409 
evaporites (Fig. 12b) and glacial deposits (Fig. 12c), respectively, at each time interval. We 410 
also present the cumulative high-density latitudinal ranges over the entire time period for 411 
these lithologies (rightmost panels in Fig. 12a, b, c). Overall, the latitudinal belts determined 412 
from probability density curves with 50% confidence for coals have changed since the 413 
Devonian. Some previous studies concluded that the paleolatitudinal distribution of coals has 414 
remained broadly similar since the Permian (Ziegler et al. 2003), whereas we have shown 415 
that results for earlier in the Paleozoic are significantly different from results from the 416 
Permian to present (Fig. 12a, b, c). In addition, the temporal division at the scale of 417 
geological periods in previous studies did not attempt to resolve variations over shorter time 418 
periods, whereas the dataset used in this study is based on a time division at the scale of 419 
geological stages. The temporal resolution based on the scale of geological periods does not 420 
allow us to capture variations of latitudinal distribution patterns of climate-sensitive 421 
lithologic deposits within geological periods, such as the significant movement towards the 422 
equator from probability density curves with 50% confidence for coals between Early 423 
Paleogene and Middle Paleogene times in Figure 12a. 424 
 425 
[Insert Figure 12] 426 
 427 
Highest density latitudinal belts of evaporites with 50% confidence exhibit relatively subtle 428 
shifts within a narrow range of latitudes over time (Fig. 12b), although they are very similar 429 
to the cumulative result covering the entire temporal range (right panel in Fig. 12b). Evans 430 
(2006) suggested that evaporite paleolatitudes remain stable during Cenozoic–Mesozoic 431 
times (a mean paleolatitude of 23 ± 4°) and during Devonian–Ediacaran times (a mean 432 
paleolatitude of 14 ± 2°). This might be because the time division, weighting method or 433 
source dataset of Evans (2006) does not capture variations of mean latitudes of evaporites at 434 
finer-resolution time divisions. In addition, Evans (2006) argued that the distribution of 435 
evaporites over the past two billion years has remained bimodal about the equator rather than 436 
being centred on the equator as expected from general-circulation climate simulations (Hunt, 437 
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1982; Jenkins, 2000; Jenkins, 2001). These considerations are important to test predictions 438 
from climate models with differing obliquities. Our results generally indicate a bimodal 439 
distribution of evaporites over the past ~400 Ma, except for Early Devonian, Early 440 
Carboniferous (Serpukhovian), earliest Permian (Asselian-Sakmarian) and Middle and Late 441 
Jurassic times during which the distribution is unimodal (Fig. 6f). These unimodal 442 
distributions should be treated with caution, since comparison with the unsmoothed 443 
distributions (Fig. 6e) suggests that the smoothing of the SiZer algorithm contributes to the 444 
existence of unimodal distributions in the final results. However, it is also apparent in both 445 
the smoothed and unsmoothed results that the clear bimodal pattern observed for the most 446 
recent time intervals is not clearly resolved within many older temporal intervals. 447 
 448 
5.b. Contributors to the paleolatitudinal distribution of climate-sensitive lithologies 449 
 450 
The evolution of latitudinal belts of coal samples with 50% confidence interval (Fig. 12a) 451 
may reflect the complex Phanerozoic fluctuations in the latitudinal extent of continental 452 
humid zones. The latitudinal distribution of coals with 50% confidence change over long 453 
time scales (Figs. 5, 12a), being concentrated at low latitudes during the Carboniferous 454 
period, middle latitudes during Permian and Triassic times, high latitudes during Jurassic-455 
Early Paleogene times, before returning to middle latitudes during Middle Paleogene-modern 456 
times. The distribution during the Devonian period is unlikely to be reliable due to a lack of 457 
data samples (Figs. 1, 2). The Carboniferous period is significantly different from post-458 
Paleozoic times (Fig. 12a). Abundant coal samples were accumulated in tropical regions (~0-459 
25°N and S) during the Carboniferous period, while they were mostly deposited at middle or 460 
high latitudes during Mesozoic and Cenozoic times (Fig. 12a). This shift could indicate a 461 
climatic transition from humid to arid conditions from the Late Pennsylvanian through the 462 
Early Permian on equatorial Pangaea (Rowley et al. 1985; Ziegler, 1990; Parrish, 1993; 463 
Ziegler et al. 1997; Tabor & Montañez, 2004; Montañez et al. 2007; Tabor et al. 2008; Tabor 464 
& Poulsen, 2008). Tabor & Poulsen (2008) evaluated the climate factors possibly explaining 465 
this climate change, including due to changing continental configurations from tectonics, 466 
time-varying land-sea distribution, supercontinentality, monsoon, uplift/collapse of the 467 
Central Pangean Mountains (CPMs) (Fig. 13), waxing and waning of ice sheets in 468 
Gondwanaland and atmospheric CO2. They suggested that the northward drift of most of 469 
Pangaea across climate zones, increasing atmospheric CO2 level and Gondwanaland 470 
deglaciation could have been the main factors controlling the low-latitude climate of Pangea 471 
during Late Pennsylvanian-Early Permian times. The deglaciation of Gondwanaland is 472 
considered to be a possible cause of climate change over low-latitude Pangaea through their 473 
influence on large-scale atmospheric circulation (Ziegler et al. 1987; Perlmutter & Matthews, 474 
1989; Cecil, 1990; Miller & West, 1993; Miller et al. 1996; Soreghan et al. 1997; Cecil et al. 475 
2003; Perlmutter & Plotnick, 2003; Poulsen et al. 2007). Late Paleozoic climate simulations 476 
suggest that the deglaciation of Gondwana and atmospheric CO2 rise could explain much of 477 
the Late Paleozoic climate change over low-latitude Pangaea and regional uplift/erosion of 478 
the CPMs has a secondary effect on tropical precipitation (Peyser & Poulsen, 2008). 479 
However, the change from dominantly humid paleoclimate indicators in Pennsylvanian strata 480 
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to arid and seasonal indicators in Permian strata is considered possibly related to the 481 
evolution of the CPMs (Goddéris et al. 2017).  482 
 483 
[Insert Figure 13] 484 
 485 
We compared our results to a recent estimate of atmospheric CO2 since the Devonian period 486 
(Foster et al. 2017; Fig. 12d), and to additional aspects of Earth’s paleogeographic history 487 
extracted from digital paleogeographic reconstructions (Golonka et al. 2006; Cao et al. 2017; 488 
Fig. 12e-g). Atmospheric CO2 levels do not indicate significant changes at the beginning of 489 
the Permian period that would directly coincide with the poleward shift in coal distributions. 490 
The areas of tropical mountain ranges close to the equator (Fig. 12e), thought to be regions of 491 
significantly enhanced weathering rates, similarly does not record a significant change from 492 
the Late Pennsylvanian through the Early Permian (Fig. 12e). In addition, we computed 493 
Phanerozoic ice sheets areas from paleogeographic maps (Golonka et al. 2006; Cao et al. 494 
2017), and the results indicate that ice sheets indeed considerably reduced during the Late 495 
Pennsylvanian-Early Permian transition (Fig. 12g). Plate tectonic configurations (Golonka, 496 
2007; Scotese, 2008; Matthews et al. 2016) indicate that most of Pangaea moved rapidly 497 
northward during the Late Pennsylvanian-Early Permian transition. Walker et al. (2002) 498 
argued that these motions influenced patterns of shallow-marine carbonates during 499 
Phanerozoic times through a long-term decrease in areas of tropical shelf based on the 500 
paleogeographic atlas of Scotese & Golonka (1992) - although, a persistent decrease in the 501 
area of tropical shallow marine environments over the past ~400 Ma is less apparent in 502 
paleogeographic maps of Golonka et al. (2006) and Cao et al. (2017) (Fig. 12f). The resulting 503 
migration of tropical basins from humid climate zones associated with the Intertropical 504 
Convergence Zone into the adjacent northern subtropical zone could be attributed to long-505 
term tropical aridification (Witzke, 1990; Ziegler et al. 1977; Gibbs et al. 2002; Rees et al. 506 
2002; Tabor et al. 2008).  507 
 508 
It is important to consider some non-climatic factors that may influence the latitudinal 509 
distributions of these lithologies. Carboniferous coal-forming flora were dominated by 510 
pteridophytes with a low tolerance to groundwater fluctuations due to their shallow root 511 
system, making them less likely to form thick preserved coal seams even where favourable 512 
peat-forming conditions existed (Diessel, 1992). In contrast, post-Carboniferous coal 513 
measures were dominated by Gymnosperms from the Permian to the Cretaceous and 514 
angiosperms since the Triassic. They can occupy a wider range of latitudes due to their 515 
greater tolerance to groundwater fluctuations and adaptability in more fully marginal peat-516 
forming conditions (Diessel, 1992). The evolution of plant groups through space and time 517 
could contribute to the changing distributions of coal deposits through time, especially its 518 
significant poleward shift in the Early Permian. Additionally, a further contributor to the 519 
Carboniferous low-latitude peak in coal distribution could be the relatively rare occurrence of 520 
extensive foreland-basin systems within the tropics during Pangea assembly, ideal for the 521 
formation and preservation of coal (Nelsen et al. 2016). In summary, the major poleward 522 
shift in coal distributions beginning in the Early Permian is likely to be driven by a 523 
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combination of processes, resulting from the interplay of tectonics, deglaciation, evolution of 524 
plants and paleoclimate.  525 
 526 
The changing latitudinal belts of evaporites with 50% confidence (Fig. 12b) indicate the 527 
evolution of low-latitudinal arid zones over time but the fluctuations are subtle relative to 528 
other indicators. During the Early Paleogene, they underwent a relatively rapid shift away 529 
from the equator, contemporaneous with climate-driven shifts in coals and glacial deposits. In 530 
older times, the origins of changes are less clear (Fig. 12b). Ancient marine evaporite 531 
formation is not only related to dry climate but also tectonic setting (Warren, 2010). For 532 
instance, during the Early Devonian, many evaporites occurred in the northern margins of 533 
tropical Laurentia and low-latitude Siberia (Fig. 1), which could explain the equatorial 534 
distribution of evaporites during the time (Fig. 12b). The latitudinal belt of evaporites shift 535 
poleward to mean latitudes of ~25° N and S during Middle Devonian-Early Carboniferous 536 
time (Fig. 12b). This could be mostly due to that evaporites accumulate in the southern, 537 
western or eastern margins of Laurentia during the Middle Devonian-Early Carboniferous 538 
time (Fig. 1). From the assembly of Pangea in the Late Carboniferous until the Middle 539 
Triassic (Ziegler et al. 1979), abundant evaporites occur in the western and eastern margins 540 
of low-latitude Pangea (Fig. 1). Starting from the Late Triassic (~240 Ma) the pattern of rift 541 
basins formed during Pangea breakup (notably the Atlantic margins and the Gulf of Mexico) 542 
will have exerted an additional control on evaporite distributions (Fig. 1). 543 
 544 
Atmospheric CO2 is thought to be a primary driver of both ice sheet and climate variability 545 
(Montañez & Poulsen, 2013; Foster et al. 2017, Lowry et al., 2004) and solar luminosity 546 
secondarily influences Paleozoic glaciation (Lowry et al., 2004). Mountain uplift enhances 547 
silicate rock weathering, resulting in a decrease in atmospheric CO2 concentrations (Kump & 548 
Arthur, 1997; Berner, 2004; Montañez & Poulsen, 2013; Foster et al. 2017). The latitudinal 549 
distribution patterns of glacial deposits reported in this study (Fig. 12c) record three major 550 
Phanerozoic glacial periods, during Carboniferous-Permian, Late Jurassic-early Cretaceous 551 
and Cenozoic times (Frakes et al. 1992). The late Paleozoic icehouse is the longest-lived ice 552 
age of the Phanerozoic (Montañez & Poulsen, 2013). Ice sheets were abundant over the 553 
South pole during this period. This ice age corresponds to intense mountain uplift around 554 
tropical Pangea (Fig. 12e) which could have contributed to late Paleozoic cooling through 555 
enhanced silicate weathering (Kump et al. 1999; Goddéris et al. 2017). The high temperature 556 
gradients during the time, derived from the comprehensive global-scale compilation of 557 
lithologies (Boucot & Gray, 2001; Boucot et al. 2013), also indicate a cooling (Fig. 12h). The 558 
Cenozoic glaciation corresponds to remarkable topographic uplift (Fig. 12e) of the Himalaya-559 
Tibetan Plateau (Molnar & England, 1990) contributing to atmospheric CO2 decrease through 560 
enhanced silicate weathering and resulting high temperature gradients (Fig. 12h). Therefore, 561 
our results support that mountain uplift could have been an important factor of the two major 562 
ice ages in late Paleozoic and Cenozoic times through decreased atmospheric CO2 and 563 
enhanced temperature gradients. Yet, other factors including organic carbon burial and 564 
outgassing through volcanism and metamorphism (e.g. Pearson et al., 2000) might also 565 
contribute to the drawdown of atmospheric CO2. 566 
 567 
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5.c.  Workflow limitations 568 
 569 
The presented workflow uses a 5°x5° grid of Earth’s surface to bin lithology data points. By 570 
resampling the data points, we removed the spatial sampling bias. However, latitude strips at 571 
or near the equator have larger areas than the polar ones (see Figure 1 in Vihena & Smith, 572 
2013), which leads to over-binning in high latitude strips. Ideally, an equal area gridding 573 
scheme would be created to correct spatial sampling bias in the dataset (Vilhena & Smith, 574 
2013), and this could be considered in future work. However, we used the simpler 5°x5° 575 
binning so that our results are comparable to the previous study of Ziegler et al. (2003). 576 
 577 
There is also a temporal sampling bias in the workflow. The reconstruction ages used to 578 
construct the climatically sensitive lithologic data to ancient geographic locations represent 579 
discrete time periods of several millions of years. Because the reconstructed paleogeographic 580 
locations of the lithologic data points change within the time range for which their age is 581 
assigned in the source data, sample locations are not truly defined by one point paleolocation, 582 
and could be represented by an average location over a given time period in future work. 583 
Providing a continuous representation of paleolatitudinal distribution patterns indicated from 584 
paleoclimate lithologic data remains an important challenge. The temporal resolution in this 585 
study does not allow us to capture some short term fluctuations which may be interpreted 586 
from more detailed records (e.g. Horton et al. 2010; Montañez et al. 2016). For instance, our 587 
workflow considers the time interval of 290-252 Ma during the Permian period as a single 588 
stage, and cannot reflect the fluctuations indicated from atmospheric CO2 level during that 589 
time (Fig. 12a, d). Higher temporal resolution would make it possible to refine climate 590 
reconstructions. 591 
 592 
A further improvement to our analysis could be to use paleogeographic maps rather than 593 
continental polygons to correct for the bias due to the uneven distribution of areas through 594 
time over the lithologic data. Such maps have the potential to provide a clearer definition of 595 
which areas within the continental polygons used here are likely to host certain types of 596 
lithologies associated specifically with shallow marine or terrestrial environments. However, 597 
such paleogeographic maps, such as Ronov et al. (1984, 1989), Scotese (2001, 2004), 598 
Golonka et al. (2006), Blakey (2008) and Cao et al. (2017), are more interpretive than 599 
continental polygons and typically do not use divisions of the geological timescale that are 600 
exactly consistent either with each other or with the time range definitions of the lithologic 601 
data considered here, and remains an outstanding problem in terms of how to obtain 602 
paleogeographic maps and lithologies at the same temporal resolution. 603 
 604 
6. Conclusions 605 
 606 
This study provides a framework to investigate the shifting climatic zones through deep 607 
geological time by using plate reconstructions, a comprehensive database and new data 608 
analysis approaches. We quantified the paleolatitudinal zonal patterns of climate-lithologic 609 
deposits of coals, evaporites and glacial deposits since the Devonian, with corrections for 610 
sampling- and area-biases, and used statistical methods (SiZer and HDR) to obtain 611 
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probability density functions and estimate high probability latitudinal belts. The sensitivity 612 
test of the latitudinal distributions of climate-sensitive lithologic deposits on uneven 613 
distribution of continental areas through time indicate that these climate indicators are 614 
sensitive to the correction of continental areas, and that the distribution of coals are more 615 
sensitive than evaporites and glacial deposits to this correction, particularly in Middle 616 
Devonian, Carboniferous, Early and Middle Triassic, Jurassic, Cretaceous and Early 617 
Paleogene times. The latitudinal distributions of these lithologic indicators do not show 618 
strong sensitivity to reconstruction model. 619 
 620 
The distribution of coal paleolatitudes herein with higher temporal resolution than previous 621 
studies shifted to significantly higher latitudes at the beginning of the Permian, contrasting 622 
with previous suggestion that the shift started in the Carboniferous (Diessel 1992). The 623 
changing distribution of coals over the period from the Permian to present also cannot be 624 
considered to have been constant as proposed by Ziegler et al. (2003). Our results indicate a 625 
clearly bimodal distribution of evaporites over the past ~400 Ma, except for the Early 626 
Devonian, Early Carboniferous, the earliest Permian and Middle and Late Jurassic (Fig. 6f). 627 
This suggests that the previously proposed bimodal or unimodal evaporite patterns could 628 
have alternated over geological times. The distribution of glacial deposits is consistent with 629 
previous interpretations of the main icehouse and greenhouse periods during the last ~400 630 
Ma. 631 
 632 
We considered some the main factors controlling the latitudinal distributions of the lithologic 633 
deposits over time. There is no single factor that dominates the changing distributions from 634 
the Early Devonian to present. As many previous studies have noted, tectonic factors 635 
associated with Pangaea assembly and breakup and the waxing and waning of ice sheets in 636 
Gondwanaland could have been significant factors influencing the distributions of the 637 
lithologies, including the extent of tropical continental humid zones from the Late 638 
Pennsylvanian through the Early Permian. The evolution of plant groups through space and 639 
time has influenced coal distributions, especially in a significant poleward shift during the 640 
Early Permian due to the rise of Gymnosperms. Due to these many factors, care should be 641 
taken when using the latitudinal distribution of these lithologies to constrain both past global 642 
climate and the past positions of continents. 643 
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We provide the lithologic data of coals, evaporites and glacial deposits in shapefile format, 655 
three reconstruction models used in this study and an animation demonstrating these three 656 
models since the Devonian period, and a PDF file containing two supplementary figures. All 657 
the files can be downloaded from the link 658 
https://www.dropbox.com/sh/x1d00ooxu5tikrh/AADq_LsQcX9khzW16EPUbeO6a?dl=0. The 659 
original lithologic data in tabular format can be found from the link 660 
https://www.researchgate.net/publication/263450893_Phanerozoic_Paleoclimate_An_Atlas_661 
of_Lithologic_Indicators_of_Climate. 662 
 663 
Appendix. Software availability 664 
 665 
SiZer analysis is performed in MatLab using the ‘Smoothing’ package (Chaudhuri & Marron, 666 
1999) available at http://www.stat.unc.edu/faculty/marron/marron_software.html. SiZer also 667 
can be found in the package ‘feature’ (version 1.2.13) in ‘R’ statistical software (version 668 
3.3.2). HDR from Hyndman (1996) is performed using the ‘hdrcde’ package (version 3.1) in 669 
‘R’ statistical software (version 3.3.2). HEALPix method is conducted using the library 670 
‘healpy’ (version 1.10.3) in Python 2.0 and its documentation is available at 671 
http://healpy.readthedocs.io/en/latest/index.html. 672 
 673 
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Table 1. Time division of the climate-sensitive lithologic indicators of Boucot et al. (2013) 913 
using the 2016 time scale of the International Commission on Stratigraphy (ICS2016). The 914 
reconstruction time is the rounded-off middle age of each time interval. 915 
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 916 
Era Period Epoch/Age Start (Ma) End (Ma) 
Reconstruction 
Time (Ma) 
Cenozoic Neogene Miocene 23.0 5.3 14 
Paleogene Oligocene 33.9 23.0 28 
Middle and Late Eocene (Lutetian-Priabonian) 47.8 33.9 41 
Early Eocene (Ypresian) 56.0 47.8 52 
Paleocene 66.0 56.0 61 
Mesozoic Cretaceous Late Cretaceous (Coniacian-Maastrichtian) 89.8 66.0 78 
Late Cretaceous (Albian-Turonian) 113.0 89.8 101 
Early Cretaceous (Berriasian-Aptian) 145.0 113.0 129 
Jurassic Late Jurassic 164 145 155 
Early and Middle Jurassic 201 164 183 
Triassic Late Triassic 237 201 219 
Middle Triassic 247 237 242 
Early Triassic 252 247 250 
Late 
Paleozoic 
Permian Middle-Late Permian (Artinskian-Lopingian) 290 252 271 
Early Permian (Asselian-Sakmarian) 299 290 295 
Carboniferous Late Carboniferous (Kasimovian-Gzhelian) 307 299 303 
Late Carboniferous (Bashkirian-Moscovian) 323 307 315 
Early Carboniferous (Serpukhovian) 331 323 327 
Early Carboniferous (Tournaisian-Visean) 359 331 345 
Devonian Late Devonian 383 359 371 
Middle Devonian (Givetian) 388 383 386 
Middle Devonian (Eifelian) 393 388 391 
Early Devonian 419 393 406 
 917 
 918 
 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
Captions: 939 
 940 
Figure 1. (Colour online) Locations of climate-sensitive lithologic data reconstructed using 941 
the plate motion model of Matthews et al. (2016): coals (green), evaporites (red) and glacial 942 
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 23 
deposits (blue) since the Early Devonian (Boucot et al. 2013; Ziegler et al. 2003). Ages on 943 
the top of each subplot are reconstruction times according to the time scale described in Table 944 
1. 945 
 946 
Figure 2. (a, b, c) Sum of data points of coals, evaporites and glacial deposits at each time 947 
interval since the Devonian period. (d, e, f) Sum of resampled data points for coals, 948 
evaporites and glacial deposits at each time interval since the Devonian period. 949 
 950 
Figure 3. (Colour online) (a) Present-day locations of modern global peats (green points) 951 
from Ziegler et al. (2003). Grey polygons are modern terrane geometries. (b) Distribution of 952 
modern peat points binned using a 5°x5° mesh of the global surface. (c) Distribution of 953 
resampled modern peat points (red: bins containing at least one data point; blue: bins 954 
containing no data points). 955 
 956 
Figure 4. (a) Number of original modern peat points from Ziegler et al. (2003) in each 5° 957 
latitudinal strip. (b) Number of resampled modern peat points in each 5° latitudinal strip. (c) 958 
Modern continental area in each 5° latitudinal strip as a percentage of total modern 959 
continental area. (d) Distribution of resampled modern peat points with continental area bias 960 
corrected. (e) Distribution of modern peat points with sampling- and area-biases corrected. 961 
The two hemispheres are combined to form a symmetric distribution pattern (also known as 962 
zonal pattern; Scotese & Barrett, 1990; Ziegler et al. 2003). (f) Fitted probability density 963 
function (black line) using the method of SiZer from Chaudhuri & Marron (1999). High-964 
density latitude ranges at confidence intervals of 50% (grey area) and 95% (light grey area) 965 
using the method of Highest Density Regions from Hyndman (1996). 966 
 967 
Figure 5. (a) Numbers of original coal points of Boucot et al. (2013) and Ziegler et al. (2003) 968 
reconstructed using the tectonic model of Matthews et al. (2016) in each 5° latitudinal strip 969 
for each time interval since the Devonian period. (b) Number of resampled coal points in 970 
each 5° latitudinal strip for each time interval. (c) Continental area in each 5° latitudinal strip 971 
as a percentage of Earth’s surface for each time interval. (d) Distribution of coals with 972 
continental area corrected in each 5° latitudinal strip for each time interval. (e) Symmetric 973 
zonal pattern of coals with sampling- and continental area-biases removed. (f) Probability 974 
density function of symmetric zonal pattern of coals for each time interval. The cumulative 975 
results for all times are presented on the rightmost side with bold borders. 976 
 977 
Figure 6. (a) Number of original evaporate points of Boucot et al. (2013) and Ziegler et al. 978 
(2003), reconstructed using the tectonic model of Matthews et al. (2016), in each 5° 979 
latitudinal strip for each time interval since the Devonian period. (b) Number of resampled 980 
evaporate points in each 5° latitudinal strip for each time interval. (c) Continental area in each 981 
5° latitudinal strip as a percentage of total continental area for each time interval. (d) 982 
Distribution of evaporites with continental area corrected in each 5° latitudinal strip for each 983 
time interval. (e) Zonal pattern of evaporites with sampling- and continental area-biases 984 
corrected. (f) Probability density function of zonal pattern of evaporites for each time 985 
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interval. The cumulative results for all times are presented on the rightmost side with bold 986 
borders. 987 
 988 
Figure 7. (a) Numbers of original glacial deposit points of Boucot et al. (2013) and Ziegler et 989 
al. (2003) reconstructed using the tectonic model of Matthews et al. (2016) in each 5° 990 
latitudinal strip for each time interval since the Devonian period. (b) Number of resampled 991 
glacial deposit points in each 5° latitudinal strip for each time interval. (c) Continental area in 992 
each 5° latitudinal strip as a percentage of total continental area for each time interval. (d) 993 
Distribution of glacial deposit with continental area corrected in each 5° latitudinal strip for 994 
each time interval. (e) Zonal pattern of glacial deposit with sampling- and continental area-995 
biases corrected. (f) Probability density function of zonal pattern of glacial deposits for each 996 
time interval. The troughs with a question mark indicate records unlikely to represent 997 
latitudinal changes in climate (see text). The cumulative results for all times are presented on 998 
the rightmost side with bold borders. 999 
 1000 
Figure 8. (Colour online) Continental area in the northern and southern hemispheres 1001 
respectively as a percentage of total continental area at each time interval since the Devonian 1002 
period. 1003 
 1004 
Figure 9. (Colour online) Zonal patterns of lithologic deposits of coals (a), evaporites (b) and 1005 
glacial deposits (c), with continental area bias correction (blue) and without continental area 1006 
bias correction (red), for each time interval since the Devonian period using the plate motion 1007 
model of Matthews et al. (2016). The number of original data points at each time interval are 1008 
reported at the bottom of each subplot. 1009 
 1010 
Figure 10. (Colour online) Latitudinal distribution of coals (a), evaporites (b) and glacial 1011 
deposits (c), for each time interval since the Devonian period, using three reconstruction 1012 
models (blue: Matthews et al. (2016); red: Scotese (2008); green: Golonka (2007)). The 1013 
number of original data points at each time interval are present on the bottom of each subplot. 1014 
 1015 
Figure 11. Distribution patterns of coals, reconstructed using the plate motion model of 1016 
Matthews et al. (2016), for each time interval since the Devonian period using three different 1017 
bin sizes (red: 10° (a); blue: 5° (b); green: 2° (c)) to bin data points to in order to remove the 1018 
sampling bias. The number of original data points at each time interval are reported at the 1019 
bottom of each subplot. 1020 
 1021 
Figure 12. (Colour online) (a, b, c) Paleolatitudinal high-density latitudinal belts of coals, 1022 
evaporites and glacial deposits, with 50% (blue area) and 95% (light grey area) confidence 1023 
intervals for each time interval since the Devonian period. The blue lines are the most 1024 
significant peaks of latitudinal distribution. The areas marked with a question mark indicate 1025 
records of limited use for climate interpretation. Cumulative high-density probabilities are 1026 
presented on the rightmost side of Figure 12a, b, c with bold borders. (d) Atmospheric CO2 1027 
concentration curve since the Devonian period derived from Foster et al. (2017). 68% and 1028 
95% confidence intervals are shown as dark and light grey bands. The blue line represents a 1029 
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 25 
locally weighted scatterplot smoothing (LOESS) fit, a nonparametric regression fit from 1030 
Cleveland & Devlin (1988), through the data. Icehouse intervals and greenhouse intervals 1031 
(Hay, 2016) are indicated by a blue band and a white band at the top of the panel, 1032 
respectively on the top. (e) Global paleolatitudinal distribution of mountain ranges since the 1033 
Devonian period calculated from the set of paleogeographic maps (Golonka et al. 2006; Cao 1034 
et al. 2017). (f) Global paleolatitudinal distribution of shallow marine environments (Golonka 1035 
et al. 2006; Cao et al. 2017). (g) Global paleolatitudinal distribution of ice sheets from the 1036 
paleogeographic maps (Golonka et al. 2006; Cao et al. 2017). (h) Climate temperature 1037 
gradients since the Early Devonian derived from Boucot et al. (2013). 1038 
 1039 
Figure 13. (Colour online) Global paleogeography in the Late Carboniferous from Cao et al. 1040 
(2017) showing the location of the Central Pangaean Mountains (CPMs). Black toothed lines 1041 
indicate subduction zones, and other black lines denote middle-ocean ridges and transforms. 1042 
Grey outlines delineate reconstructed present-day coastlines and terranes. Mollweide 1043 
projection with 0°E central meridian. 1044 
 1045 
 1046 
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Figure 1. (Colour online) Locations of climate-sensitive lithologic data reconstructed using the plate motion 
model of Matthews et al. (2016): coals (green), evaporites (red) and glacial deposits (blue) since the Early 
Devonian (Boucot et al. 2013; Ziegler et al. 2003). Ages on the top of each subplot are reconstruction times 
according to the time scale described in Table 1.  
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Figure 2. (a, b, c) Sum of data p ints of coals, evaporites and glacial deposits at each time interval since the 
Devonian period. (d, e, f) Sum of resampled data points for coals, evaporites and glacial deposits at each 
time interval since the Devonian period.  
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Figure 3. (Colour online) (a) Present-day locations of modern global peats (green points) from Ziegler et al. 
(2003). Grey polygons are modern terrane geometries. (b) Distribution of modern peat points binned using 
a 5°x5° mesh of the global surface. (c) Distribution of resampled modern peat points (red: bins containing 
at least one data point; blue: bins containing no data points).  
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Figure 4. (a) Number of original modern peat points from Ziegler et al. (2003) in each 5° latitudinal strip. 
(b) Number of resampled modern peat points in each 5° latitudinal strip. (c) Modern continental area in each 
5° latitudinal strip as a percentage of total modern continental area. (d) Distribution of resampled modern 
peat points with continental area bias corrected. (e) Distribution of modern peat points with sampling- and 
area-biases corrected. The two hemispheres are combined to form a symmetric distribution pattern (also 
known as zonal pattern; Scotese & Barrett, 1990; Ziegler et al. 2003). (f) Fitted probability density function 
(black line) using the method of SiZer from Chaudhuri & Marron (1999). High-density latitude ranges at 
confidence intervals of 50% (grey area) and 95% (light grey area) using the method of Highest Density 
Regions from Hyndman (1996).  
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Figure 5. (a) Numbers of original coal points of Boucot et al. (2013) and Ziegler et al. (2003) reconstructed 
using the tectonic model of Matthews et al. (2016) in each 5° latitudinal strip for each time interval since the 
Devonian period. (b) Number of resampled coal points in each 5° latitudinal strip for each time interval. (c) 
Continental area in each 5° latitudinal strip as a percentage of Earth’s surface for each time interval. (d) 
Distribution of coals with continental area corrected in each 5° latitudinal strip for each time interval. (e) 
Symmetric zonal pattern of coals with sampling- and continental area-biases removed. (f) Probability 
density function of symmetric zonal pattern of coals for each time interval. The cumulative results for all 
times are presented on the rightmost side with bold borders.  
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Figure 6. (a) Number of original evaporate points of Boucot et al. (2013) and Ziegler et al. (2003), 
reconstructed using the tectonic model of Matthews et al. (2016), in each 5° latitudinal strip for each time 
interval since the Devonian period. (b) Number of resampled evaporate points in each 5° latitudinal strip for 
each time interval. (c) Continental area in each 5° latitudinal strip as a percentage of total continental area 
for each time interval. (d) Distribution of evaporites with continental area corrected in each 5° latitudinal 
strip for each time interval. (e) Zonal pattern of evaporites with sampling- and continental area-biases 
corrected. (f) Probability density function of zonal pattern of evaporites for each time interval. The 
cumulative results for all times are presented on the rightmost side with bold borders.  
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Figure 7. (a) Numbers of original glacial deposit points of Boucot et al. (2013) and Ziegler et al. (2003) 
reconstructed using the tectonic model of Matthews et al. (2016) in each 5° latitudinal strip for each time 
interval since the Devonian period. (b) Number of resampled glacial deposit points in each 5° latitudinal strip 
for each time interval. (c) Continental area in each 5° latitudinal strip as a percentage of total continental 
area for each time interval. (d) Distribution of glacial deposit with continental area corrected in each 5° 
latitudinal strip for each time interval. (e) Zonal pattern of glacial deposit with sampling- and continental 
area-biases corrected. (f) Probability density function of zonal pattern of glacial deposits for each time 
interval. The troughs with a question mark indicate records unlikely to represent latitudinal changes in 
climate (see text). The cumulative results for all times are presented on the rightmost side with bold 
borders.  
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Figure 8. (Colour online) Continental area in the northern and southern hemispheres respectively as a 
percentage of total continental area at each time interval since the Devonian period.  
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Figure 9. (Colour online) Zonal patterns of lithologic deposits of coals (a), evaporites (b) and glacial deposits 
(c), with continental area bias correction (blue) and without continental area bias correction (red), for each 
time interval since the Devonian period using the plate motion model of Matthews et al. (2016). The number 
of original data points at each time interval are reported at the bottom of each subplot.  
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Figure 10. (Colour online) Latitudinal distribution of coals (a), evaporites (b) and glacial deposits (c), for 
each time interval since the Devonian period, using three reconstruction models (blue: Matthews et al. 
(2016); red: Scotese (2008); green: Golonka (2007)). The number of original data points at each time 
interval are present on the bottom of each subplot.  
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Figure 11. Distribution patterns of coals, reconstructed using the plate motion model of Matthews et al. 
(2016), for each time interval since the Devonian period using three different bin sizes (red: 10° (a); blue: 
5° (b); green: 2° (c)) to bin data points to in order to remove the sampling bias. The number of original 
data points at each time interval are reported at the bottom of each subplot.  
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Figure 12. (Colour online) (a, b, c) Paleolatitudinal high-density latitudinal belts of coals, evaporites and 
glacial deposits, with 50% (blue area) and 95% (light grey area) confidence intervals for each time interval 
since the Devonian period. The blue lines are the most significant p aks of latitudinal distribution. The areas 
marked with a question mark indicate records of limited use for climate interpretation. Cumulative high-
density probabilities are presented on the rightmost side of Figure 12a, b, c with bold borders. (d) 
Atmospheric CO2 concentration curve since the Devonian period derived from Foster et al. (2017). 68% and 
95% confidence intervals are shown as dark and light grey bands. The blue line represents a locally 
weighted scatterplot smoothing (LOESS) fit, a nonparametric regression fit from Cleveland & Devlin (1988), 
through the data. Icehouse intervals and greenhouse intervals (Hay, 2016) are indicated by a blue band and 
a white band at the top of the panel, respectively on the top. (e) Global paleolatitudinal distribution of 
mountain ranges since the Devonian period calculated from the set of paleogeographic maps (Golonka et al. 
2006; Cao et al. 2017). (f) Global paleolatitudinal distribution of shallow marine environments (Golonka et 
al. 2006; Cao et al. 2017). (g) Global paleolatitudinal distribution of ice sheets from the paleogeographic 
maps (Golonka et al. 2006; Cao et al. 2017). (h) Climate temperature gradients since the Early Devonian 
derived from Boucot et al. (2013).  
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Figure 13. (Colour online) Global paleogeography in the Late Carboniferous from Cao et al. (2017) showing 
the location of the Central Pangaean Mountains (CPMs). Black toothed lines indicate subduction zones, and 
other black lines denote middle-ocean ridges and transforms. Grey outlines delineate reconstructed present-
day coastlines and terranes. Mollweide projection with 0°E central meridian.  
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